THE INTERSTELLAR MEDIUM: VII
Tracers of Molecular gas : CO lines
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OUTLINE

* Background.

e Radiative trapping: The CO J=1-0 line.
» Estimating the molecular gas mass.

« The CO-to-H, conversion factor.

e The large-scale distribution of molecular gas.



BACKGROUND

 Cannot study molecular clouds directly in H, transitions.

e CO: second-most abundant molecule; J=1-20, 2=2>1 & 32 lines
observable from the ground = Main molecular gas “tracer’!

* Tg = (hv/k) (1-e™) {[e™*Tr— 177 - [ehKTews — 177}

Tg > Ty ® Emiussion; Ty =Ty & No line.

- Rotational lines: n. > n = Tp =T n, <N, = Tp = Teyg:

crit,u

e« Emission lines only visible if density = critical density.
= Mere detection of lines provides information on density!

en__ (1-0): 1100 cm3 (CO); 5x 10* cm3 (CS); 10°cm™ (HCN).

e Critical density reduced at high opacities, due to stimulated
emission, by P ~1/(1+0.5ty): n_. ~50 cm-3 for CO (1-0) if T~ 50.

crit



OPACITY ISSUES: RADIATIVE TRAPPING

e For ©>1, stimulated emission critical in determining T.

* “Escape probability approximation”: Assume that photons are
emitted and absorbed at the same location. (Scoville & Solomon 1974)

e For a uniform medium, with level populations given by Ti.
= I, = [0 e™ + B,(Tp) (1-¢e™)

°n, = (c?2hvd)], = n, = n,(0) e™ + [n,g,/n,g, - 177 (1-e™™).
* “Escape probability” B, = e™.

e Averaging over directions and integrating over the line profile
= |mp = ny(()).<B> + [nyg,/mn,g, - 1]'1(1— f3>).

e (dn,/dt) =ny[n_k,, + n, (8,/80)-Apl —ny[n k,, + (1 + ny).Alo].
= n,{nk,+ nY(O).(gl/gO)xBxAlO}— n,{nk,,+[1+ nY(O)].<B>.A10}.



OPACITY ISSUES: RADIATIVE TRAPPING

 For collisional and radiative excitation and de-excitation:
(dn,/dt) = ny[n_k,, + n, (8,/80)A o] —1ny[n Kk, + (1 + ny)Alo].

e Replacing My = nY(O).<B> + [nyg,/n,g, — 1]'1(1— ) =
(dn,/dt) = ny{n_k,,+ nY(O).(gl/gO).<[3>.A10}— n,{nk,,+ [1+ ny(O)].<B>.A10}

« This 1s the equation for (dn,/dt) if (1) there's no internally
produced radiation field, (2) the cloud 1s transparent to I,(0), and
(3) the Einstein A-coefficient is <3>A,,,.

e (n,/n,) =[nk,, + ny(O).(gI/gO).<B>AIO] [{n k,,+[1+ ny(O)].<B>.A10}.
e Critical density reduced: n,; = [X, (1 + ny).<B>.Aul] /2 k-

* (3> depends on the geometry and velocity structure. For a
homogenous sphere and Gaussian velocities, 3> = (1 + O.STO)'l.



OrACITY ISSUES: THE CO J=1—0 LINE
ev~115271 GHz; A ,~7x10%s' = n_.~ A /k,, = 1100 cm™.

crit
* For a Gaussian velocity distribution, the attenuation coefficient:
2
Ky =Ny, [1 = (n,2¢/n0g )] .(A*/8T). (2,/2y). Ao 2. (Mb). e &)

 The line-centre optical depth, T,=%,,XR (Cloud radius = R).
= 1,=0.02 (ny/1000) (R/3 pc) [ny/mny] (2/b) [1 —(n,8,/nyg,)].

e One needs to know Ty and [ny/n] to determine T !

* The fraction of CO in the J” rotational level is
[n;/ncpl = I+1)e PR /5 (2]41) e BolU+DKIR

» The partition function X; (2J+1) ¢ Bol+Dklr < [1+(1<TR/BO)2]1/2 .

* For Ty = 8 K, T, =46 (ny/1000) (R/3 pc) [[noo/ngl/(7x 10™)] (2/b)
> B =(1+051)"'= 004 & n_ ~BA Jk,=50cm? !

Ccrit



THE CO COLUMN DENSITY

e The general expression for the attenuation coefficient, K, :
K, =n, [1 - (ng/mg)] .A/8N). (g/g). A0, 5 Jo,dv=1.

« The column density in the lower level N, = [n;ds
= N, = (81/A%) . (g/g,) . (VA . | © /1 —e™* k%] dv
= 93.28(g//g,).(V/GHz)> .(1/A )).[1 — ™ T=]" [z (dv/km s

e A, = (64T%3hc3) v P2 [J/2J+1)] = 1.165 x 107" v u2 [J/(21+1)]
= N, = 8.0 x 102 w2 [(2J-1)/J]. [1 - ™XTx]". [z, dv

e Measured Ty = (hv/k) (1-e™) {[eMV/KTR _ 1]'1 ~ [eVKTems _ 1]'1}

e Problems: (1) Both T, and Ty are unknown, and (2) t, = 1!



THE CO CoLUMN DENSITY: LTE
N, = 8.0x10"2 w2 [2I-D)A]. [1 - ™XTr)" f7_dv
* Measured Ty = (hv/k) (1-e™™) {[eV/kTr _ 1]'1 - [eMVkTems _ 1]'1}
« LTE approximation: Assume Ty = Ty, for all rotational levels!
e Assume '>CO and '*CO have same Tg! Note 7, (PCo) <« 1!

1, (*CO)>1 = T, =55 In{l + 55/(Tz+0.82) }

e The fraction of *CO in the J" rotational level is
[n,/nep] = (2T+1)e Bl U+ D/kTR 4 Y, (21+1) o Bl J+1/KTR

N(13CO) — [ZJ (2J+1) e—BOJ(J+1)/kTR] . e+BOJ(J+1)/1(TR NJ/(2J+1)]

e Partition function X;(2J+1)e o'+l [1+(1<TR/BO)2]1/2 = Tp/2.76
= N(PCO) =2.85x 10" T/(1 — e %) . [1 (°CO) dv
Finally, N('*CO) =90 x N('?°CO) and N(H,) = 10* x N('*CO).



CAVEAT EMPTOR!!!

 CO 1s a “nice” molecule!!! A high line intensity, a low dipole
moment (and hence a low A,, and a low critical density), an

excitation close to LTE, and a large molecular abundance.

e Many isotopomers: At least one optically thin (°CO, C!%0..)).

. Correlation between measured N('*CO) or N(C'®0) and Eg v
N(H,) = 4.4x10° N(C'®0) cm®  N(H,)<1.5x 10* cm™.
N(H, = 3.8x10° N(’CO) cm®  N(H,) < 5x10*! cm™

e But.... ’CO & >CO may not arise in the same gas ?

High-J levels not thermalized: Errors in partition function ?

Less abundant isotopes sub-thermally excited (T <Ty) ?

o Still one of the best ways of estimating CO and H, column
densities! But probably only good to an order of magnitude.



ESTIMATING THE MOLECULAR GAS MASS

e The CO line luminosity of a uniform cloud at a distance D is
Log= D [ I dQ , where I, = [ Ty dV.

> Leo= TR* Ty AV , AV = Line width, R= cloud radius,

T-o =Peak brightness temperature.

e For a spherical, virialized cloud of mass M, AV = (GM/R)"?
> M = Lgg . (4p/31G)"* . (1/Tgp)

e [ the ratio (p”z/TCO) doesn't vary (on the average) from one

galaxy to another, and if different clouds don't overlap in
velocity, the total mass 1s proportional to the line luminosity!

e Test this by inferring virial masses from ?CO measurements
of line width and cloud size = Compare with '“CO intensity.



ESTIMATING THE MOLECULAR GAS MASS
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Near-linear relation between CO line luminosity & virial mass!

(e.g. Solomon et al. 1987;
Scoville et al. 1987)
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ESTIMATING THE MOLECULAR GAS MASS

log,, Virial Mass [Mg]

Slope appears to depend on galaxy type.
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THE CO-TO-H, CONVERSION FACTOR

* Conversion from total CO luminosity to molecular gas mass:
Myor = %o Leo 0o~ 4.3 My (K km/s pc?)!

« Conversion from integrated CO line intensity to N(H,):

N(H,) = X0 Lo Xeo ~ 2x10% cm™ (K km/s)™!
(e.g. Bolatto et al. 2013)

« Dependence on local conditions (e.g. density, Tg): factor of ~2.

« CO-to-H, factors lower in regions of strong star formation:

e.g. Ocp~ 0.8 M, (K km/s pc?)! in LIRGs and ULIRG:s.
(e.g. Downes & Solomon 1998; Papadopoulos et al. 2012)

e Metallicity critical! Lower dust content implies preferential
dissociation of CO: e.g. X5~ (1 -10) X 10°" cm™? (K km/s) ™! .
(e.g. Israel 1997; Leroy et al. 2011; Wolfire et al. 2010)

e Caution needed at high redshifts (BzKs, SMGs, LAEs, DLASs!).



THE LARGE-SCALE DISTRIBUTION

o Difficult to detect H, = CO 120 line used as a tracer.
CO 1-0 all-sky map

(LAMBDA;
Dame et al. 2001, ApJ)

e Most of the gas in Giant Molecular Clouds of size ~40 pc and
mass > 10° M._.



THE LARGE-SCALE DISTRIBUTION
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e Velocity field: Galactic distribution! [i
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(Sanders et al. 1984)

* Lots of molecular gas in the central 1.5 kpc, “hole” at 1.5 — 3.5 kpc,
massive ‘ring” at 4 — 8 kpc, steep decline beyond 8 kpc.



Molecular Hydrogen Surfoce Density {H ecm™%)
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THE LARGE-SCALE DISTRIBUTION
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* “Hole” and “Ring” not seen in other spiral galaxies! The 5 kpc

ring contains 70% of the molecular gas within the solar radius!
(e.g. Clemens et al. 1988; Jackson et al. 2006)

e Typical molecular gas extent in spirals ~ Half the optical radius.
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